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The generation of bioethanol from lignocellulosic biomass holds great promise for renewable and clean energy
production. A better understanding of the complex mechanisms of lignocellulose breakdown during various
pretreatment methods is needed to realize this potential in a cost and energy efficient way. Here we use small-
angle neutron scattering (SANS) to characterize morphological changes in switchgrass lignocellulose across
molecular to submicrometer length scales resulting from the industrially relevant dilute acid pretreatment method.
Our results demonstrate that dilute acid pretreatment increases the cross-sectional radius of the crystalline cellulose
fibril. This change is accompanied by removal of hemicellulose and the formation of Rg ∼ 135 Å lignin aggregates.
The structural signature of smooth cell wall surfaces is observed at length scales larger than 1000 Å, and it
remains remarkably invariable during pretreatment. This study elucidates the interplay of the different biomolecular
components in the breakdown process of switchgrass by dilute acid pretreatment. The results are important for
the development of efficient strategies of biomass to biofuel conversion.

Introduction

Lignocellulosic biomass produced by terrestrial plants has
the potential to be an abundant, renewable feedstock for the
production of ethanol and other transportation fuels.1,2 Of the
many types of plants that have been examined as potential
feedstocks for production of ethanol and other fuels, herbaceous
crops, particularly grasses, offer a number of advantages. These
include fast growth, established agricultural cultivation, and
potential for dual-purpose production, providing both grain for
food and straw (stalks) for biofuel conversion. Switchgrass
(Panicum Virgatum), a native North American prairie grass, is
being developed as the main herbaceous crop for biofuel
production. Switchgrass offers several advantages, including
high yields, perennial growth, production of seeds, and adapt-
ability to poor soils.3,4

All lignocellulosic biomass is largely composed of three
component biopolymers: cellulose, a linear polymer of �-1,4-
linked glucose chains assembled into partially crystalline fibers;
hemicellulose, a heterogeneous branched polymer of pentose
and hexose sugars; and lignin, which is composed of extensively
cross-linked methoxy-substituted phenyl propane units. Cel-
lulose, which forms the main structural component of the plant
cell walls, is an attractive source of glucose for fermentative
ethanol production, but must be first depolymerized by enzy-
matic or chemical hydrolysis. In lignocellulosic biomass,
enzymatic access to the cellulose fibers is impeded by hemi-
cellulose and lignin layers. Hydrolysis is further impeded by

the crystalline, fibrous structure of cellulose.5 As a result,
efficient production of fermentable sugars from lignocellulosic
biomass requires deconstruction of the plant cell walls by
mechanical and chemical pretreatment.

Typically, biomass pretreatment includes size reduction by
chipping and grinding, followed by chemical swelling with alkali
or acid,1,5 schematically illustrated as pathway a of Figure 1.6,7

The most effective pretreatments increase the gross material
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Figure 1. Schematic of (a) dilute acid pretreatment and (b) component-
extraction processes.

Biomacromolecules 2010, 11, 2329–2335 2329

10.1021/bm100455h  2010 American Chemical Society
Published on Web 08/20/2010



porosity, decrease the crystallinity of the cellulose fibrils, remove
hemicellulose, and reduce the lignin present.5 Pretreatment, in
addition to being a rate-limiting step, increases the cost of
bioethanol production due to the high energy requirements of
mechanical size reduction and heating, and incurs additional
costs for responsible handling of caustic chemicals.8-10 Soaking
in dilute sulfuric acid at high temperature is a widely used
biomass pretreatment method.1 Although the efficiency of
subsequent cellulose conversion to sugars by enzymatic hy-
drolysis is greatly increased by dilute acid pretreatment, it does
not fully remove lignin, which is thought to precipitate on the
cellulose surface and inhibit the hydrolysis process through a
combination of binding with the cellulase enzymes and blocking
the progress of the enzymes along the glucose chains.10,11

Although no small-angle neutron scattering work has been
reported on acid pretreatment of lignocellulosic biomass,
individual components of lignocellulosic biomass like native
cellulose12-21 and kraft pulp lignin22-24 have been extensively
studied. Self-assembled, synthetic cellulose fibrils produced by
enzymatic polymerization were characterized at length scales
ranging from nanometers to micrometers using ultra-small-angle,
small-angle, and wide-angle scattering techniques.15,19 Three
observations were reported: (a) the fibrils possess a surface
fractal dimension Ds ) 2.3, indicating a slightly rough surface;
(b) the material displays a mass fractal dimension Dm ) 2.1,
reflecting the internal arrangement of the self-assembled struc-
ture, and (c) the characteristic diffraction peaks of microcrys-
talline cellulose were observed at 2θ angles 14.9° (11j0), 16.7°
(110), and 22.5° (200). X-ray and neutron fiber diffraction
determined the structure of the two distinct crystal phases IR

18

and I�
17 of naturally occurring cellulose and found remarkable

differences in the crystal packing. The results show more
intersheet C-H · · ·O hydrogen bonds in the I� form,17 which
suggests that I� is more stable than IR and explains the solid-
state conversion IR f I� by hydrothermal processes.18,25-27

In this paper, we report the results of studies of the structural
consequences of dilute acid pretreatment of switchgrass across a
wide range of length scales using small-angle neutron scattering
(SANS). SANS is a powerful tool for studying bulk materials that
probes length scales ranging from 10 to 10000 Å, making it ideally
suited to understanding the gross morphological changes in
switchgrass resulting from pretreatment. Furthermore, measure-
ments were performed on material treated solely by a component-
extraction process to better understand the impact of lignin and
hemicellulose on the microstructure of switchgrass biomass. The
results demonstrate that dilute acid pretreatment causes clear
morphological changes in lignocellulose. The observed redistribu-
tion of lignin and removal of hemicelluloses are likely to promote
penetration of enzymes into biomass.

Materials and Methods

Sample Preparation. Samples of the lowland cultivar Alamo
switchgrass (Panicum Virgatum) were harvested at Oak Ridge National
Laboratory, TN. The samples were then shipped to the National
Renewable Energy Laboratory (NREL) in Golden, CO, for room
temperature air-drying and size-reduction. These samples were stored
in a freezer to maintain the moisture content and shipped to Georgia
Tech upon request. The monosaccharide and lignin content of the
untreated and dilute acid pretreated samples listed in Table 1 was
determined by standard procedures, as described previously.28,29

Switchgrass was subjected to either (i) dilute acid pretreatment (pathway a
of Figure 1) or (ii) component-extraction treatment (pathway b of Figure 1).

(i) Dilute Acid Pretreated Samples. Dilute acid pretreatment of
switchgrass was carried out by a modification of reported methods.30,31

Figure 2 illustrates the dilute acid pretreatment protocol. Untreated (P0):
The switchgrass sample was Wiley milled to pass through 0.05 mm
pore size or 20-mesh screen. Presoak (P4): Wiley milled switchgrass
sample was presoaked at room temperature (25 °C) while continuously
stirring in an ∼1% dilute sulfuric acid solution at 5% dry solids (w/w)
for 4 h. The presoaked slurry was filtered and the solid material was
washed with an excess of deionized water to prepare sample P4 or
further treated as follows. Ramp-up: The presoaked material was
transferred to a 4560 mini-Parr 300 mL pressure reactor of Parr
Instrument Company in an ∼1% (or 0.1-0.2 M) dilute sulfuric acid
solution at 5% solids (w/w) and sealed. The impeller speed was set to
∼100 rpm and the vessel was heated to 160 °C over ∼30 min (at ∼6
°C/min). Constant (C2, C5, C10): The reactor was held at 160 ( 2 °C
(6.4-6.8 atm) for the specified residence time: 2, 5, and 10 min ((0.5
min). To halt the pretreatment process, the reactor was quenched in an
ice bath (∼5 min to cool to 70 °C). Then, the pretreated slurry was
filtered to remove the solid residue and washed with an excess of
deionized water and dried overnight at room temperature. All yields
for biomass recovered after pretreatment ranged between 75-85% by
mass of the initial material.

(ii) Component-Extracted Samples. Component-extraction of switch-
grass was performed by methods previously used for preparation of
poplar samples for NMR analysis.32 Extractive-free (LHC): Switchgrass
sample was Wiley milled to pass through 0.05 mm pore-size screen
prior to extraction with benzene/ethanol (2:1, v/v) for 24 h in a Soxhlet
apparatus to remove extractives. The extraction flask was refluxed at a
boiling point rate, which cycled the biomass for at least 24 extractions
over a 4 h period. The solvent was removed and extractive-free
switchgrass was dried in air. Holocellulose isolation (HC): Extractive-
free switchgrass samples (1.5 g) were dispersed in 125 mL of deionized
water in a Kapak sealing pouch. The resulting mixture was heated in
a water bath for 1 h at 75 °C prior to adding 1 mL of glacial acetic
acid and 1 g of sodium chlorite (NaClO2) and continuing the reaction
for an additional 1 h. This procedure was repeated three times to give
a total treatment time of 3 h. The treated sample was then quenched in
ice-water, filtered, and washed thoroughly using deionized water and
acetone before finally being air-dried overnight. This procedure was
repeated to ensure complete removal of the lignin component. Chlorine
dioxide is generated from NaClO2 under the proper pH conditions and

Table 1. Compositions of the Dilute Acid Pretreated and
Component-Extracted Switchgrass Samples Obtained Using
Carbohydrate and Klason Lignin Analysis Approacha

samples arabinose galactose glucose xylose mannose lignin

P0 2.93 1.66 43.06 20.84 0.34 31.18
P4 3.14 1.59 42.42 22.84 0.32 29.69
C2 0.93 0.12 44.35 5.95 0.15 48.50
C5 0.32 0.12 36.08 2.54 0.11 60.83
C10 0.34 0.18 53.05 1.98 0.11 44.33
holocellulose 4.75 1.62 57.01 30.23 0.00 6.40

a In mass percent units.

Figure 2. Reaction temperature versus reaction time of the dilute acid
pretreatment of switchgrass has three phases: (i) presoak; (ii) ramp-
up, and (iii) constant. Samples marked, namely, P0 and P4 of the
presoaked phase and C2, C5, and C10 of the constant phase, were
studied using SANS.
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lead to changes in lignin, such as degradation of the side chains,
demethylation, oxidation, and depolymerization, facilitating solubliza-
tion in aqueous solution. Cellulose isolation (C): Holocellulose isolated
switchgrass samples (1 g) were treated with 2.5 M hydrochloric acid
at 100 °C for 4 h. The treated sample was washed with deionized water
and acetone and air-dried to remove the hemicelluloses and obtain
cellulose. Though acid-catalyzed hemicellulose removal may cause
hydrolyzation of cellulose, the more facile alkaline-based procedure
could cause conversion of cellulose I to cellulose II.

Small-Angle Neutron Scattering (SANS). SANS measurements
were performed with the CG-3 Bio-SANS instrument33 at the High
Flux Isotope Reactor (HFIR) facility of Oak Ridge National Laboratory.
All samples were soaked in 100% D2O solvent, 2-3 times the volume
of the solid sample, for over 24 h to maximize D/H exchange and
solvent penetration. Soaked samples were placed in 0.5 mm thick quartz
cells with detachable cell walls (Hellma Model #106-QS 0.5MM) for
SANS studies. Three different instrument configurations were employed
to collect data over the range of scattering vectors, 0.001 Å-1 < Q <
0.3 Å-1, employing sample-to-detector distances of 1174 and 6874 mm,
both with a neutron wavelength (λ) of 6 Å, and 15374 mm with a
neutron wavelength of 18 Å. Q ) (4π/λ) sin θ and 2θ is the scattering
angle. In each case the center of the area detector (Ordela 2410N) was
offset by 150 mm from the beam. The instrument resolution was defined
using circular aperture diameters of 40 mm for source and 8 mm for
sample separated by distances: 3256 mm for 0.03 Å-1 < Q < 0.3 Å-1,
9326 mm for 0.0065 Å-1 < Q < 0.06 Å-1, and 17424 mm 0.001 Å-1

< Q < 0.009 Å-1. The relative wavelength spread ∆λ/λ was set to 0.15.
The scattering intensity profiles I(Q) versus Q were obtained by
azimuthally averaging the processed 2D images, which were normalized
to incident beam monitor counts and corrected for detector dark current,
pixel sensitivity, and solvent scattering backgrounds from D2O and
quartz cell.

SANS data was analyzed using the multilevel unified equation
implemented in Irena Package34 to elucidate the multiple levels of
structural organization. Irena is an Igor Pro software package consisting
of various structural models to analyze small-angle scattering data. For
each individual level, i, the scattering signal is the sum of Guinier’s
exponential form and the structurally limited power-law as35-37

where i ) 1,.. ., n. To model the lignocellulose SANS data, we used
a total of three levels with i ) 1 and i ) 3 referring to the smallest and
largest size structural levels, respectively. Gi ) ciVi∆Fi

2 is the exponential
prefactor; Rgi

is the radius of gyration describing the average size of
the ith level structural unit; Bi is a Q-independent prefactor specific to
the type of power-law scattering with power-law exponent Pi and Ibkg

is the flat background intensity due to incoherent scattering. ci is the
concentration of the ith kind of particle; Vi is the volume of the particle
and ∆Fi is the contrast of the ith kind of particle with respect to the
solvent. The expression of the constant prefactor is Bi ) (GiPi/Rg

Pi)Γ(Pi/
2) when the ith level is a mass fractal composed of elementary units of
the next lower, (i - 1)th, level.36

Scanning Electron Microscopy (SEM). Switchgrass was carefully
attached to adhesive carbon tape. A 3 nm thick conductive coating,
applied to the surface, was found sufficient for successfully imaging
the samples. Each micrograph was recorded on a Phillips XL-30
scanning electron microscope instrument with a field emission gun at
an accelerating voltage of 10 kV and imaged using secondary electrons.

Results

Dilute acid pretreatment of switchgrass was carried out by a
modification of previously reported methods.30,31 The switch-

grass samples were presoaked in H2SO4 before heating to 160
°C in a Parr Bomb reactor for different time periods to
investigate structural changes that occur in the material during
pretreatment (Figure 2). The chemical composition of each
sample from the dilute acid pretreatment was analyzed to
identify the component biopolymers remaining following treat-
ment (see Table 1).38 In brief, the hemicellulose content
decreased from ∼21 to 2%, the cellulose content increased from
43 to 53%, and the lignin content increased from 31 to 44%
after a 10 min pretreatment process. It is of interest to note that
the majority of the hemicellulose was solubilized after a 2 min
pretreatment process (∼6% remaining).

The SANS data of switchgrass as a function of pretreatment
reaction time and temperature are shown in Figure 3. The curves
show three distinct structural regimes defined here as primary,
Q > 0.06 Å-1, secondary, 0.006 Å-1 < Q < 0.06 Å-1, and
tertiary, 0.001 Å-1 < Q < 0.006 Å-1. Each regime was fit by
one level of the unified model35-37 in eq 1, respectively. Hence,
three levels of the unified fit were used to fit the three regimes.
The solid black lines in Figure 3 are the fit results. All curves
are similar in the tertiary regime, while clear differences exist
in the primary and secondary regime between before (P0, P4)
and after (C2, C5, C10) pretreatment protocol attains 160 °C.
Differences between the untreated and presoaked or among
different heat treated samples are subtle. Results of the
component extracted switchgrass samples are summarized in
Figure 4 with unified fits again shown as solid black lines. As
observed for dilute acid pretreated samples, all scattering curves
exhibit three distinct structural regimes with boundaries located
at approximately Q ) 0.006 Å-1 and Q ) 0.06 Å-1. The
obtained structural parameters, that is, power law exponents P
and characteristic dimensions Rg, from all unified fits are
summarized in Table 2.

The most pronounced change in response to hot dilute acid
pretreatment is the appearance of a new characteristic length
scale described by an average radius of gyration (Rg) of 135 Å.
This can be seen as a downward curvature in the secondary
regime of samples C2, C5, and C10 (Figure 3). This feature is
absent from the untreated and presoaked switchgrass data, which
instead show power law behavior in the same Q-range. Likewise,
lignin removal by using lignin-component extraction treatment,
as described in Materials and Methods after dilute sulfuric acid
pretreatment, leads to disappearance of this characteristic

I(Q) ) ∑
i)1

n

[Gi exp(-Q2Rgi

2 /3) +

Bi exp(-Q2Rg(i+1)

2 /3){[erf(QRgi
/√6)]3/Q}Pi] + Ibkg (1)

Figure 3. SANS studies of switchgrass dilute acid pretreated samples:
(i) untreated, P0; (ii) presoaked for 4 h, P4; (iii) dilute acid treated at
160 °C for 2 min, C2; (iv) 5 min, C5; and (v) 10 min, C10. The solid
lines are the unified fit to the experimental SANS data. The power-
law exponent and the Guinier regime radius of gyration, Rg are
indicated. The curves have been offset by increasing powers of 10
from the unscaled P0 curve.
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dimension. Figure 5, a Kratky plot39,40 of Q2I(Q) versus Q shows
the secondary SANS regime of two dilute acid pretreated (160
°C for 2 min) switchgrass samples: before (C2; cyan) and after
(C2-Lignin Extracted; purple) lignin extraction. A Kratky plot
enchances the appearance of characteristic particle sizes, which
appear as broad peaks on a flat baseline. Figure 5 clearly shows
that lignin extraction has eliminated the additional characteristic
dimension as indicated by the removal of the peak on the
approximately horizontal line. Such characteristic dimensions
are also absent in the component-extracted samples (Figure 4),
where lignin has been removed in the HC and C preparations.
Detailed studies on this characteristic dimension growth during
dilute acid pretreatment will be published elsewhere.41

SANS reveals power-law scattering at the secondary structural
level for untreated, presoaked, and component extracted samples,
where lignin aggregates are absent. Untreated and presoaked
switchgrass shows power-law exponents of 2.4-2.5, suggesting
the scattering signature of a highly branched biomass network
of hemicellulose, cellulose, and lignin.42 The degree of branch-
ing is reduced upon component extraction, approaching a power-
law exponent of 2.0 for pure cellulose. For instance, a mass
fractal with dimension df ∼ 2.5 is observed for a randomly
branched chain that follows a Gaussian path, while a non-
branched Gaussian path has a fractal dimension df ∼ 2.0.

In the tertiary regime, which is sensitive to length scales of
about 1000 to 6000 Å, the data follows a power law with an
exponent close to 4.0 (Table 2), indicating scattering from well-
defined surfaces43 (see Supporting Information, section Scat-
tering from Surfaces). Dilute acid pretreatment up to 10 min at
160 °C does not change the SANS profile in the tertiary regime.
To further examine biomass structure, the micrometer-scale
morphology of switchgrass was probed by scanning electron
microscopy. The SEM image clearly shows that well-defined
cell wall surfaces remain present after pretreatment (Figure S1).
Component extraction analysis adds further important results
(Figure 4). The tertiary regime of sample C shows scattering
from surfaces and is almost identical to untreated switchgrass.
Cellulose is the only remaining biomass component after the
final extraction step resulting in sample C, providing further
evidence that the cellulose scaffold is able to hold up cell wall
architecture when both lignin and hemicellulose are removed.

Distinct structural features at the smallest length scales are
observed in the primary region of the SANS curves. These
structural elements are described by a size parameter Rg, which
approximately doubles during pretreatment from around 9 to
18 Å (Table 2). Comparison with component extracted sample
C (Figure 4) shows that this characteristic length scale persists
in the cellulose material after removal of all other components.
An increase of about 50% in the primary size is observed in
response to component extraction (Table 2).

Discussion

Our SANS results demonstrate that switchgrass undergoes
significant morphological changes in response to dilute sulfuric
acid pretreatment. These changes manifest at certain specific
length scales and with a clear dependence on temperature and
pretreatment time.

Lignin is well-known to self-aggregate into large particles,23,24

and lignin aggregates larger than observed in our study have
been revealed by microscopic methods performed by Donohoe
and co-workers.44 These workers described that translocation
and redistribution of lignin can lead to formation of lignin
droplets of various morphologies. We observe a new structural
signature with an average Rg of 135 Å, which would correspond
to an approximate particle diameter of 350 Å for spherical or
similarly compact objects. This structural signature disappears
when lignin is removed by solvent extraction following switch-
grass pretreatment (Figure 5). We therefore attribute this
structural feature to lignin and propose that lignin aggregates
are present within the bulk pretreated material prior to the
formation of larger lignin droplets resulting from lignin redis-
tribution at a later stage. Lignin aggregates do not form at room
temperature during 4 h of presoaking in dilute acid. They are
evident in samples that have been treated for a short time at
high temperature (160 °C, 2 min, C2 sample). The size of the
observed aggregates increases only slightly for longer pretreat-

Figure 4. SANS studies of switchgrass component-extraction process
samples: (i) untreated, P0; (ii) extractive-free, LHC; (iii) isolated
holocellulose, HC; and (iv) isolated cellulose, C. The solid lines are
the unified fit to the experimental SANS data. The power-law exponent
and the Guinier regime radius of gyration, Rg are indicated. The curves
have been offset by increasing powers of 10 from the unscaled P0
curve.

Table 2. SANS Results of Dilute Acid Pretreatment and
Component-Extracted Treatment Samplesa

primary secondary tertiary

samples Rg (Å) d (Å) P Rg (Å) P

P0 8.9 ( 0.6 20.6 ( 1.4 2.41 ( 0.08 3.94 ( 0.04

Dilute Acid Pretreatment

P4 8.7 ( 0.7 20.1 ( 1.6 2.48 ( 0.09 3.72 ( 0.03
C2 17.9 ( 1.7 41.3 ( 3.9 124 ( 7 3.86 ( 0.04
C5 19.0 ( 1.0 43.9 ( 2.3 133 ( 7 3.91 ( 0.04

C10 18.1 ( 2.2 41.8 ( 5.1 147 ( 17 3.78 ( 0.04

Component-Extracted Treatment

LHC 8.43 ( 0.45 19.5 ( 1.0 2.56 ( 0.08 4.25 ( 0.05
HC 13.3 ( 0.6 30.7 ( 1.4 2.21 ( 0.08 4.07 ( 0.05
C 13.6 ( 1.0 31.4 ( 2.3 2.03 ( 0.09 3.99 ( 0.04

a Rg, radius of gyration; d, cross-sectional diameter; and P, power-law
exponent.

Figure 5. Kratky plot of SANS curves of dilute acid pretreated
switchgrass at 160 °C for 2 min, C2 (i) before (cyan dots) and (ii)
after lignin extraction (purple dots). This plot displays only the
secondary regime of the entire Q-range of Figure 3.
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ment times of 5 and 10 min (Table 2). Such a relatively sudden
onset of aggregate formation suggests that a critical phase
transition temperature may need to be exceeded for aggregates
to form. For instance, the glass transition temperature of lignin
is between 125 and 192 °C45-47 and may play a role in the
time and temperature dependence of aggregate formation. A
detailed compositional analysis of the untreated switchgrass
lignin29 performed by Samuel et al., as well as other biomass
types48 has been reported. Further SANS studies on a more
detailed set of samples taken at different time/temperature points
of the pretreatment protocol will be required to test this
hypothesis.

In agreement with our interpretation, chemical analysis shows
removal of xylose (the major constituent sugar of hemicellulose)
and an increase in the relative lignin and cellulose content of
dilute acid pretreated switchgrass (see Table 1).38 These
compositional changes correlate well with the structural changes
observed by SANS. In other words, hemicellulose is effectively
removed by hydrolysis after a short duration of hot dilute acid
pretreatment, while lignin and cellulose remains. Because both
lignin redistribution and hemicellulose removal occur in the early
stages of pretreatment, it appears likely that these two processes
are kinetically interdependent and may be synergistic. Further,
more detailed kinetic studies will be required to test this
hypothesis.

Cellulose forms the main structural component in the cell
wall and owing to its fibrous and partially crystalline nature
provides a stable scaffold that allows large-scale organization
into cell wall anatomy. The cellulose scaffold remains intact
even when the composite material undergoes massive changes
at molecular scales through lignin and hemicellulose removal
by pretreatment or component extraction. The persistence of
scattering from well-defined surfaces at length scales of 1000
to 6000 Å and during dilute acid pretreatment up to 10 min at
160 °C is suggested by the power-law dependence of the SANS
data at small scattering vectors (tertiary regime). SEM confirms
that well-defined cell wall surfaces, which could produce this
signature remain present after pretreatement (Figure S1). At the
same time, the chemical analysis of the samples38 as well as
SANS data at larger scattering vectors show clear changes in
the composition and nanostructure of the cell wall material.
Recent preliminary data41 suggest that pretreatment times of
60 min or longer at 160 °C in dilute acid eventually degrade
the cellulose network and alter cell wall surfaces at the
micrometer scale.

At the secondary structural level in Figures 3 and 4, we
observe power-law exponents of approximately 2.5 to 2, when
the SANS signal is not dominated by scattering from lignin
aggregates. A power-law exponent, P, of the range 1 < P < 3
relates to the degree of branching or connectivity, observed in
the lignocellulose mesh.42 Hence, the observed change in the
exponent implies that the component-extraction process alters
the organization of the biopolymers from a highly branched
arrangement (P0 and LHC) to a low degree of branching (HC
or C). Similarly, dilute acid pretreatment redistributes lignin and
dissolves hemicellulose, and a more open nanostructure and
improved access by cellulase enzymes may result. For example,
a critical pore size of 51 Å was estimated from the known
dimension of the main cellulase enzyme cellobiohydrolase I
secreted by the fungus Trichoderma reesei.49,50 The correlations
between biomass pretreatment, pore size, and enzyme acces-
sibility have been estimated by various experimental ap-
proaches.50-57 Further, the correlations between biomass pre-
treatment and enzyme digestibility have been reported by Chung

et al. as a 5-fold increase of cellulose conversion for dilute acid
pretreated switchgrass using straight saccharification.58

A fibril diameter of about 21-42 Å, as can be extracted from
our SANS data, is consistent with an elementary cellulose fibril
(ECF) thickness of 20-30 Å reported in the literature.13,59 The
proposed model by Ding and Himmel59 suggests that ECF
consists of a bundle of 36 �-D-glucan chains with a crystalline
core surrounded by disordered outer cellulose chain layers. The
average diameter would range from 20 Å (crystalline core) to
44 Å (entire 36-chain ECF bundle). Considering the close
agreement between SANS data and the expected value for an
elementary cellulose fibril diameter, as reported in the literature,
we propose that the cross section of crystalline cellulose
microfibrils dominates the SANS data at short length scales
(10-50 Å).

The observation of an approximate doubling of the primary
Rg suggests in view of the model of Ding and Himmel59 that
dilute sulfuric acid pretreatment increases crystalline packing
from the native crystalline core to the entire cross section of
the ECF. Our observation of increased local cellulose ordering
is supported by recent findings of an increase in degree of
cellulose crystallinity and size of crystallites by NMR.38,60

The size of the primary structural units also increases in
response to the component-extraction process. The Rg of the
primary structural units from SANS (Table 2) reflects a 50%
size increase between untreated and final extracted cellulose (P0
to C). It is conceivable that crystalline packing of cellulose
molecules may be less ordered in the native fibril due to
competing hydrogen bond interactions with surrounding disor-
dered cellulose and hemicelluloses, and pretreatment may
remove such constraints and promote tighter packing of crystal-
line cellulose. Opposing mechanisms of cellulose disordering
versus recrystallization under hydrothermal conditions have been
reported previously60 and conditions in hot dilute acid pretreat-
ment could in fact promote cellulose “annealing”.61-63

Conclusion

The present study provides insight into the consequences of
dilute acid pretreatment of biomass from herbaceous crops by
direct observation of the structural features over length scales
from molecular distances to about 0.5 µm. SANS proved
powerful in supplying the bulk of structural information
presented here and we should emphasize that primary SANS
results are obtained in terms of characteristic size parameters
and morphological power-law signatures. The interpretation of
these structural parameters and their attribution to individual
components in the multicomponent biomass system is not
unambiguous when based solely on the SANS profiles. It is
therefore important to utilize complementary techniques and
control experiments to confirm the specific conclusions, as was
done in this study. The combined evidence of all our data as
well as data published by other workers let us conclude that
the scenario described by us is plausible; it uses a minimal set
of hypotheses that are consistent with the data.

It is commonly accepted that lignin coating of cellulose fibrils
and dense crystalline fibrous packing of cellulose are both factors
that impede hydrolysis, and therefore, efficiency of pretreatment
methods depends on a complex mixture of molecular processes.
Our results suggest that temperatures in the vicinity of the glass
transition of lignin lead to a rapid redistribution of lignin as
well as dissolution of hemicellulose. Lignin is redistributed as
distinct aggregates rather than forming a coating on cellulose
fibrils as proposed previously.10 It is suggested that hot dilute
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sulfuric acid pretreatment of switchgrass biomass increases
digestibility through lignin redistribution and through hemicel-
lulose dissolution. A side-effect of hemicellulose removal and
hydrothermal conditions is an annealing of cellulose that may
increase crystallinity and may limit the efficiency of this
pretreatment method.

Importantly, the structural network of cellulose does not show
signs of breakdown, while lignin redistribution and hemicellu-
lose removal are well under way early in the hot dilute acid
pretreatment. Similarly, earlier studies of acid-pretreated and
steam-exploded wood samples found little change in crystallinity
of the cellulose and determined additionally that total surface
area was not a controlling parameter.50 Our results suggest that
strategies for biomass pretreatment should clearly distinguish
between targeting lignin/hemicellulose removal versus break-
down of crystalline cellulose fibrils.
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